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ABSTRACT
SYNTHESIS OF MONOMERS FOR NEW CONJUGATED POLYMERS
FEBRUARY 2012
KEDAR GIRISH JADHAV
B. TECH., INSTITUTE OF CHEMICAL TECHNOLOGY, MUMBAI
M. TECH., INSTITUTE OF CHEMICAL TECHNOLOGY, MUMBAI
M.S., UNIVERSITY OF MASSACHUSETTS, AMHERST
Directed by: Professor D. Venkataraman
This Thesis addresses the problem of synthesis of different monomers for donor and
acceptor polymers in photovoltaic applications. In general, functionalization of
conjugated polymers and understanding of molecular packing of electron donors and
electron acceptors are very important to produce efficient solar cells. As a result, it is
important to design and synthesize novel monomers which will require making new πconjugated donors and acceptors polymers and understand the influence of these new
polymers in bulk heterojunction to design polymer solar cells. In this study, two different
monomers were synthesized. The first monomer was designed and synthesized to
investigate the effect of π-conjugated linker directly attached to the polymer backbone
where the polymer backbone was based on thiophene unit and conjugated linker was
1,2,3-triazole. In a different study, a conjugated monomer based on benzthiadiazole was
designed and synthesized in order to synthesize new acceptor homopolymers and
alternating copolymers. Two different monomers with different alkyl side chains based
on benzthiadiazole were synthesized and subject to Suzuki and Stille polymerization to
get respective polymers.
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CHAPTER 1
1. INTRODUCTION
1.1 Overview and Principle of Organic Photovoltaics.
The exponential growth of energy needs in the world and the depletion of the
fossil fuel reserves have brought a compelling situation to find an alternative energy
source. Harvesting energy directly from sunlight using photovoltaic technology is an
important way to address growing global energy needs using a renewable resource.1
Although significant progress has been made for inorganic photovoltaic devices; they are
still not cost effective, partially due to the requirement of highly pure silicon. In contrast
to the inorganic photovoltaic devices, organic photovoltaic devices have advantages like
light-weight, easy processability, flexibility in shape and low cost of production of the
relevant dyes. Therefore, there is a widespread interest in developing devices based on
organic materials for solar energy conversion.2-8
Polymeric solar cells (PSCs) have promising potential to offer clean and
renewable energy due ease of fabricating them onto large areas of lightweight flexible
substrates by solution processing at a low cost. But, the power conversion efficiency of
these cells is very low as compared to inorganic devices due poor charge carrier
generation and unbalanced charge transport.9 So, it is necessary to understand basic
principles of process of charge transfer in organic photovoltaic cell and develop new
organic materials to achieve high efficiencies. The schematic representation of operating
principle of organic photovoltaic cells is shown below.
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Figure 1.1 Schematic representation of operating principle of a photovoltaic cell.
Electrons are collected at the Al electrode and holes at the ITO electrode. Φ:
workfunction, χ: electron affinity
affinity, IP: ionization potential, Eg: optical bandgap.
Generally a solar cell operates through four major steps.10The first step is
absorption of incident
ncident photons, which depends on macroscopic surface property of the
material used. After the absorption, it creates the electron hole pair called as
excitons.11Third
hird step is separation of the electron and hole which is determined by the
charge distribution
on inside the cell. The final step is collection of the charge at respective
electrodes which depends upon the Fermi level alignment of the metals with the energy
levels of the material. Mainly the efficiency of a solar cell depends on the number of
independent
ndent charge carriers produced through this procedure.
Based on above mentioned principle, many attempts have been made to design
organic solar cells. Firstly, an organic photovoltaic cell with a single-component
component active
layer sandwiched between two electrodes with different work functions was designed but
2

it led to very low power conversion efficiency.9 Tang et al fabricated a bilayer
heterojunction configuration containing a p-type layer as a hole transport and an n-type
layer for electron transport to improve the photocurrent of the solar cell device.12 In this
case, as the generated excitons have very limited lifetime, it can only diffuse between 514 nm, 13, 14 reducing the probability of donor excitons to reach the acceptor. This leads to
the loss of absorbed photons and quantum efficiency and therefore reducing performance
of bilayer heterojunction devices. To overcome this difficulty, Yu et al.15developed the
concept of a bulk heterojunction (BHJ). By blending donor and acceptor materials
together, an interpenetrating network with a large donor-acceptor interfacial area can be
achieved through controlling the phase separation between the two components in bulk.
In a current scenario, most of the organic photovoltaic cells are designed on the concept
of bulk heterojunction. In most common organic solar cell, a thiophene based conjugated
polymer is used as the hole conductor, and a fullerene derivative (PC61BM or PC71BM) is
used as the electron conductor.
P3HT and PC61BM is the well-known system reported till date with an efficiency
of 5%. 16The efficiency can further be improved by tuning the properties of the thiophene
based polymer backbone. The physical properties of polymers depend on the side chains
or the solubilizing groups on the polymer and electronic properties depend upon energy
levels of the polymer. These energy levels can be tuned either by changing the polymer
backbone structure or by changing the nature of the side chains. In general, donoracceptor type polymers exhibit low band gap and their HOMO and LUMO values can be
tuned by altering the nature of the repeating unit. The electron donating side chains such
as alkoxy, alkylthiols or alkylamines can push the HOMO up 17 and electron withdrawing
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side chains such as acid or nitro group can pull the LUMO down.18, 19 So, it is important to
design new functionalized organic polymers which can be used to produce efficient solar
cells.
Another approach to improve efficiency is to develop new π -conjugated acceptor
polymers that have absorption spectrum with better overlap with solar emission spectrum
and have good electron transport. The most commonly used acceptor is Methanofullerene
[6, 6]-phenyl C61-butyric acid methyl ester (PC61BM). PC61BM is bulky in nature and

segregates out while annealing P3HT-PC61BM blend due to mismatch in packing of these
two materials.20 Also, the energy levels of PC61BM cannot be tuned, restricting use of
many donor organic materials in solar cells. One of the approach is to use tandem solar
cells in which an additional hole conductor is used with in conjunction of donor and
acceptor materials to broaden the absorption spectrum, thus in turn increasing efficiency
of solar cell. It has been shown that, it can improve the efficiency of a solar cell but it is
very difficult to obtain active layer morphology of both hole conductors with an acceptor
molecule respectively. These are the reasons why, it is important to develop new π conjugated acceptor polymers which can have broad absorption spectra, good electron
mobility and tunable energy levels.
1.2 Scope and Overview of thesis
Functionalization of conjugated polymers and understanding of molecular packing
of electron donors and electron acceptors are very important to produce efficient solar
cells. One of the main objectives of DV group at UMass Amherst is to synthesize novel
π-conjugated donors and acceptor molecules and understanding the science behind
assembling it to achieve proper molecular architecture and in turn increasing efficiency of
4

a solar cell. My Thesis mainly focuses on design and synthesis of novel monomers which
will require making new π-conjugated donors and acceptors polymers and understanding
the influence of these new polymers in bulk heterojunction to design polymer solar cells.
It has been known that functionalization of conjugated polymers with π-conjugated
side chains is a very important tool to create next generation active materials for organicbased devices such as sensors, field effect transistors, and photovoltaic devices.21 They
offer high mobility and broad absorption bands in the UV-vis spectra. Functionalization
of conjugated polymers can be achieved using 1, 3-dipolar cycloaddition. It is very
important to design the monomers for the synthesis of these polymers as it may affect the
method of polymerization and yields. Generally, functionalization of conjugated
polymers with π -conjugated side chains includes a non-conjugated spacer between the
polymer backbone and side chain. This may influence the electronic properties of the
polymer and in turn efficiency. So, it is necessary to investigate the effect of π -conjugated
linker directly attached to the polymer backbone. In addition to that, it is also essential to
design the monomers to achieve the polymerization protocols. What will be effect on
electronic properties on the polymer backbone with the direct attachment of π -conjugated
side chain as triazole? This is the research problem; I would like to answer in my thesis.
This is important because we believe that triazole moiety in conjugation with a thiophene
monomer can offer a convenient pathway to append π -conjugated moieties to the
conjugated polymer backbone and can alter the energy levels by either acting as donoracceptor alternating polymers or by inductively changing the electron density.
In my second part of my thesis, I have focused on designing new monomers to
develop novel π -conjugated acceptor polymer based on benzthiadiazole. The idea behind
5

this research is to develop a new π-conjugated acceptor polymer which can absorb major
portion of sunlight in solar spectrum. This is important because generally in most of
organic photovoltaic cells, light absorption mainly done by donor part as its commonly
used acceptor counterpart, PC61BM, absorbs less than 350 nm. So, if one can develop an
acceptor which can also absorb sunlight, it will increase photocurrent, in turn increasing
efficiency of solar cell. Also, different donor materials can be used with newly
synthesized π-conjugated acceptor polymer to design photovoltaic cells. It is well known
from DV group research that the side chains can affect optical and electronic properties
of polymers. So, we have incorporated two different side chains while designing the
monomer to investigate the effect of side chains on optical and electrical properties. The
long term goal is to develop a strategy to device a bulk heterojunction of newly
synthesized π-conjugated acceptor polymers with different donor polymers to produce
highly efficient solar cells.
The research part of my thesis is divided into two parts namely Chapter 2 and
Chapter 3. Chapter 2 mainly discusses the issue of synthesis of new monomer where
triazole is directly attached to thiophene as a conjugated side chain. This involves the
problems faced during synthesis of monomers as well as polymers and different ways to
overcome those synthetic difficulties. It also tries to answer the question of behavior of
pendant triazole moiety as a side chain as compared with a triazole on the main chain and
discusses about band gap of a polymer. Figure 2 shows the structures of synthesized
monomers and polymers.

6

Figure 1.2 Structures of Monomer M1, M2 and Polymer P3TzT
Chapter 3 explains synthesis of new acceptor monomers and polymers
solution to the problems encountered during the synthesis. It also helps us to understand
the effect of side chains on optical and electronic properties of a polymer and how sterics
between repeating units plays an important role in optical pr
properties of a polymer. Figure
3 shows structures of newly synthesized acceptor monomers and polymers.

Figure 1.3 Structures of Monomer 1, Monomer 2, Homopolymers (PBTD) and
Alternating copolymers (PBTDV)
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The results from optical and electronics properties of acceptor polymers indicate that it
has a lot of potential for organic PV devices.Chapter 2 and Chapter 3 mainly focused on
design and synthesis of these new organic materials and characterization.
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CHAPTER 2
IMPACT OF PENDANT 1, 2, 3-TRIAZOLE ON SYNTHESIS AND PROPERTIES
OF THIOPHENE MONOMERS AND POLYMERS.
2.1 Introduction
Organic polymer solar cells have several advantages as compared to inorganic
materials such as low cost, flexibility and tunability of optical, electrical and chemical
properties. These properties can be tuned by various structural modifications in the
molecule. The physical properties such as solubility and processibility depend on the side
chains or the solubilizing groups on the polymer, while the rest of the properties depend
upon the FMO energy levels of the polymer. Functionalization of conjugated polymers
with π-conjugated side chains is very essential in order to create new generation of active
materials because of their high mobilities and presence of broad absorption bands in the
UV-vis spectra.1-7 The energy levels can be tuned either by changing the polymer
backbone structure or by changing the nature of the side chains. In general, donoracceptor type polymers exhibit low band gap and their HOMO and LUMO values can be
tuned by altering the nature of the repeating unit.8 The electron donating side chains such
as alkoxy, alkylthiols or alkylamines can push the HOMO up,9-11 and electron
withdrawing side chains such as acid or nitro group can pull the LUMO down.12-14 There
have been several reports about donor-acceptor type polymers with thiophene as donor
and five membered heterocycles such as thiazole, oxidiazole or 1,2,4-triazole (4RTaz/Th)
as acceptors.15-17 These polymers are observed to have a unique π-stacked structure
assisted by charge transfer electronic structure. However, their optical and electrical
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properties are not desirable. Also, it has not been studied the effect of attachment of
heteroaromatic cycle (e.g. triazole) to the direct attachment to thiophene backbone on
each repeating unit. These systems, depending on the nature of the conjugated
heteroaromatic side chain can alter the energy levels by either acting as donor-acceptor
alternating polymers or by inductively changing the electron density.
To answer the question of what is the effect of π -conjugated linker directly attached
to the polymer backbone, we have designed a protocol to synthesize a polymer wherein a
triazole unit is directly attached to thiophene backbone. To functionalize the polymer we
used 1,3-Dipolar cycloaddition18 as it is widely used for the functionalization of polymers
in general

19,20

and conjugated polymers in particular.21,22 We chose to synthesize

(poly(3-(1-hexyl-1H-1,2,3- triazole-4-yl)thiophene)), P3TzT, as this polymer would
allow us to understand the impact of triazole on the electronic properties of the
polythiophene backbone by comparing it with poly- (3-hexylthiophene) (P3HT), which is
commonly used in organic electronic devices such as photovoltaic cells. The structure of
the polymer has shown below in Figure 2.1.

Figure 2.1 Structure of Polymer P3TzT
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2.2 Molecular Design and Synthesis of monomer
We synthesized the monomer for polymer (P3TzT) from readily available 3bromothiophene which was converted to 3-iodothiophene (1) using the Finkelstein
reaction.23 The compound 1 was dibrominated using N-bromosuccinimide followed by
the Sonogashira coupling with trimethylsilylacetylene and 1,3-dipolar cycloaddition with
1-azidohexane gave M1 in good yields.(Figure 2.2)

Figure 2.2 Synthesis Scheme for Monomer 1
We have used M1 to synthesize the polymer using standard Ni (0)-mediated
Grignard metathesis polymerization (GRIM) condition.24, 25 When the reaction mixture
was poured into methanol; no precipitate was obtained, indicating the absence of
polymeric products. We did not obtain a precipitate irrespective of whether the
polymerization was done at room temperature or at elevated temperatures for 24 h. We
hypothesized that the failure of the polymerization may be either due to the inability of
M1 to undergo Grignard metathesis or the inability of the Grignard formed from M1to
undergoNi(0)- mediated polymerization or both. So to overcome this problem, we have to
14

design an alternate synthesis route to synthesize the monomer which will yield expected
polymer (P3TzT) and also it is necessary to understand why monomer M1 does not yield
polymeric products.(Figure 2.3)

Figure 2.3 Synthesis route for polymerization from Monomer 1
2.3 Quenching Studies for Monomer M1
To understand why monomer M1 does not yield polymeric products using Grignard
metathesis, we did quenching studies on monomer M1. Monomer M1 was reacted with tBuMgCl for 2 h and the reaction mixture was quenched with H2O (Figure 2.4). The
organic components were extracted with diethyl ether, and the solvent was removed
under reduced pressure. The 1H NMR of residue showed presence of regioisomers.NMR
results have shown that Grignard metathesis occurred with –Br group at second position
which is ortho to triazole moiety. The reason of formation of Grignard at this position
could be due to the coordination of triazole nitrogen and monomer acting chelating agent
for Mg2+.

15

Figure 2.4 Quenching studies for Monomer 1
There have few reports in literature indicating that Grignard metathesis at second
position can result in polymerization. Our result was consistent with previous studies 26, 27
with 5-bromo-2-iodo-3-hexylthiophene where it has been shown that there is no metalhalogen exchange at second position and it does not yield into polymerization. In this
case, it has been argued that if the Grignard metathesis occurs at second position on the
thiophene ring, then the Ni(0) does not insert in the carbon-bromine bond at the fifth
position due to lack of stabilization from the alkyl chain at the third position. We
hypothesize that in our case, since the hexyl group is away from the reaction side, the
chelating ability of the triazole moiety may stabilize the Grignard or the nickel(II)
complex that results from the Grignard and may prevent further reaction. As monomer
M1 did not yield any polymer products, it was necessary to design a monomer which can
direct Grignard metathesis at the fifth position of our thiophene monomer.

16

2.4 Alternate Synthesis Scheme
To overcome the problem of synthesis of polymer, it was necessary to design an
alternative route to synthesize a monomer which can direct Grignard metathesis at fifth
position of thiophene monomer. Since, it is known that Grignard metathesis occurs faster
with a C-I than a C-Br bond, we expected that the Grignard reagent should preferentially
react at the fifth position. So, we have designed a protocol to synthesize monomer M2
with iodine at the fifth position and bromine at the second position. The synthesis route
for M2 has shown below in Figure 2.5.
TMS
I

I
TMS

NBS
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85%

S
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Figure 2.5 Synthesis scheme for Monomer 2
We synthesized the Monomer M2 for polymer (P3TzT) using almost same protocol
with some modification in synthesis route. We started from readily available 3bromothiophene which was converted to 3-iodothiophene (1) using the Finkelstein
reaction.

The

compound

bromosuccinimide

(NBS)

was

monobrominated

followed

by
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the

using 1

equivalence of N-

Sonogashira

coupling

with

trimethylsilylacetylene and 1,3-dipolar cycloaddition with 1-azidohexane gave M2 in
good yields. We screened a variety of iodination conditions and found that Niodosuccinimide and trifluoromethanesulfonic acid (NIS/CF3SO3H) provided the
iodinated compound in excellent yields.
M2 was reacted with t-BuMgCl, and the reaction mixture was quenched with water.
NMR studies have shown that Grignard metathesis happening at the fifth position.28 We
were gratified to note that M2 was polymerized under GRIM conditions.(Figure 2.6) The
polymer (P3TzT, Mn = 24.7 kDa, PDI = 1.48) was soluble in chloroform at room
temperature and in DMF at elevated temperature.

Figure 2.6 Polymer Synthesis from Monomer 2
2.5 UV-vis and Fluorescence studies of P3TzT
From the literature, it is evident that 1,2,3-triazole can act as an electron donor

29

or

as an electron acceptor.30 If triazole acts as electron donor, then it is expected that the
HOMO levels of the polymer will be affected and if it acts as an acceptor the LUMO
level of a conjugated polymer will get affected.31-33 The resonance and inductive effects
of triazole will also depend on the orientation of the triazole ring with respect to the
backbone. Therefore, it is very importance to understand the impact of triazole on the
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electronic structure of the conjugated polymer backbone and on the frontier energy
levels.
The UV-vis absorption and fluorescence of the polymer was studied in solution as
well as thin films. Solution state UV-vis and fluorescence spectra were recorded using a
solution of polymer in chloroform and solid state measurements were done by casting a
thin film of polymer from same solution and spectra were recorded before and after
thermal annealing at 100 oC for 30 min. The absorption λmax in solution is 415 nm and in
thin film is 506 nm with a red shift of 91 nm in thin films. In comparison, P3HT has a red
shift of 115 nm in thin films.28
2.6 Fluorescence quenching with PCBM
To determine whether polymer P3TzT is a potential candidate for organic
photovoltaic applications, fluorescence quenching studies were done with varying ratios
of PCBM (0.1mg, 0.3mg, 0.6mg, 1.0mg of PCBM with 0.1mg of P3TzT respectively).28
It was observed that the fluorescence intensity of P3TzT polymer decreased gradually
with increase in weight ratio of PCBM. This has indicated that there is an electron
transfer from P3TzT to PCBM resulting into fluorescence quenching. Thin film of 1:1 wt
% P3TzT and PCBM was casted onto a glass plate did not show any fluorescence
indicating complete fluorescence quenching of a polymer. Therefore, these studies prove
that P3TzT is a potential candidate for organic photovoltaic applications.
2.7 Characterization
All the compounds were characterized by using 1H NMR. NMRs for monomers are
shown below. The NMR for Monomer 1 (Figure 2.7) indicates pure compound where in
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2 protons in aromatic region corresponds to thiophene proton (7.64 ppm) and triazole
proton (8.13 ppm). There is a triplet at 4.38
4.38-4.42
4.42 ppm corresponding to –CH2 next to
nitrogen of triazole unit. Other 11 protons of an alkyl chain falls in 0.87-1.98
1.98 ppm region.

Figure 2.7 1H NMR of Monomer 1
In NMR spectra of Monomer 2 (Figure 2.8)
2.8),, there are 3 protons in aromatic region 1
from triazole (8.18 ppm) and other two were from thiophene proton (7.63 ppm and 7.31
ppm respectively). Triplet at 4.39 ppm corresponds to –CH2
CH2 next to nitrogen attached to
triazole ring and all other protons of alkyl chain fall in region of 0.87-1.99
0.87
ppm. The
NMR for Monomer 2 indicates pure compound where in 2 protons in aromatic region
corresponds to thiophene
phene proton (7.83 ppm) and triazole proton (8.14 ppm). There is a
20

triplet at 4.39-4.42
4.42 ppm corresponding to –CH2
CH2 next to nitrogen of triazole unit. Other 11
protons of an alkyl chain falls in 0.87
0.87-1.98 ppm region.

Figure 2.8 1H NMR of Monomer 2
oblems Associated with monomer synthesis
2.8 Problems
The monomer synthesis of Monomer 1 and Monomer 2 was done using the synthesis
protocol shown in Fig. 1 and Fig.2. The Monomer 1 was synthesized from Compound 3
using 1,3 dipolar cycloaddition. In this case, the reagents used for click reaction were CuI
21

and DIPEA along with H2O & THF as a solvent. The reaction worked very well
producing high yields (75%) for corresponding click product i.e. Monomer 1 from
compound 3. This reaction was carried out as shown below in Figure 2.9..
TMS
S

N

N

N C6H13

C6H13N3, CuI

S
5

Br

N,N-diisopropylethylamine,
H2O, THF,12 hr,reflux
75%

S

Br

6

Figure 2.9 Synthesis of Compound 6 using CuI/DIPEA
DIPEA method

Figure 2.10 1H NMR of Click Reaction Product (Compound 6)
using CuI/DIPEA method
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We have tried the similar protocol for our alternative synthesis scheme (Figure 2.9) to
convert Compound 5 to Compound 6. But it has always shown some extra impurities
peaks in 1H NMR shown in Figure 2.10 below. We have tried to carry out the reaction in
deoxygenated environment, but it has always shown the same impurity peaks in 1H
NMR. (Figure 2.10) Though the impurity were small in concentration, it was not
preferable to carry out further steps with the same protocol.
We tried to find out the reason behind the formation of these impurities. Our
reasonable guess was that there might be formation of diacetylene bond between two
monomers or two monomers of compound 6 coming together to form a dimer. In the
literature, it has been shown that these two structures can form during this type of
reaction in small quantities.

Figure 2.11 Synthesis of Compound 6 using CuSO4/Sodium ascorbate method
To overcome this problem, we have decided to follow different protocol for click
reaction. We have used CuSO4.5H2O, Sodium ascorbate along with TBAF for in-situ
deprotection of TMS group. This protocol worked very well giving Compound 6 in very
high yields (80%).(Figure 2.11) The NMR for this compound was shown below in Figure
2.12.
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Figure 2.12 1H NMR of Click Reaction Product using
CuSO4/Sodium ascorbate method
2.9 Conclusion and Future Work
The monomer synthesis of Monomer 1 and Monomer 2 for polymer P3TzT was not
straightforward. The Monomer 1 did not go under polymerization due to formation of
Grignard at 2nd position instead of 5th position on thiophene backbone of monomer 1. The
reason of formation of Grignard at this position could be due to the coordination of
triazole nitrogen and monomer acting chelating agent for Mg2+. It has been identified that
CuSO4/Sodium ascorbate method gives pure products as compared to CuI/DIPEA
method for Click reactions and also CuSO4/Sodium ascorbate route eliminates possibility
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of isomers during the reaction. It has been shown that P3TzT polymer can be synthesized
using modified Monomer 2 in which 1,2,3- triazole moiety attached as a pendant group
and

polymerization

can

be

done

using

Ni(0)-mediated

Grignard

metathesis

polymerization. The triazole moiety also does not hinder the packing of the conjugated
backbone. Fluorescence quenching of this polymer with PCBM indicates that it is a
potential candidate for organic PV devices. The ongoing future work will be evaluating
the hole mobilities and photovoltaic metrics of thiophene-based polymers with pendant
triazole moiety with different kind of acceptors and new conjugated polymers.
2.10 Experimental Details
All chemicals were purchased from commercial sources (Acros, Aldrich, Alfa Aesar,
TCI, and Strem) and used without further purification, unless otherwise noted. THF was
distilled from sodium-benzophenone ketyl. NBS was recrystallized from water. Common
solvents were purchased from EMD (through VWR). Routine monitoring of reactions
was carried out on glass-supported EMD silica gel 60 F254 TLC plates. Flash
chromatography was performed using silica gel from Sorbent Technologies (Standard
Grade, 60 Å, 32-63 µm). All 1H and
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C {1H} NMR spectra were recorded on a Bruker

Avance400 spectrometer, unless otherwise noted. Chemical shifts and coupling constants
(J) are reported in parts per million (δ) and Hertz, respectively. Deuterated solvents were
obtained from Cambridge Isotope Laboratories, Inc. Chloroform-D (CDCl3) contained
0.05% v/v tetramethylsilane (TMS) and Chloroform-D peak was set to 7.26 ppm on all
proton spectra.
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In Gel permeation chromatography (GPC) was done in the NSF-sponsored Materials
Research Science and Engineering Center on Polymers (MRSEC) at the University of
Massachusetts Amherst. GPC analyses were performed on a Polymer Laboratories
GPC50 integrated system with DMF (1.0 mL/min, 120 °C) elution, 3 x Mixed C (300 x
7.5 mm) columns, and RI detection. Molecular weights were obtained based on PMMA
standards, with toluene as the flow rate marker, and may be overestimated by a factor of
1.5-2.0.
UV-vis absorption spectra were measured with a Shimadzu UV 3600PC
spectrometer Polymer-Based Materials Harvesting Solar Energy (Energy Frontier
Research Center at the University of Massachusetts Amherst)EFRC laboratory. Stock
solutions of polymers (c=1mg/10mL) were prepared in spectrophotometric grade
chloroform (Fisher, Optima). UV–vis experiments for thin films were done by spin
casting (1400 rpm) of 1 wt % solution of polymer in chloroform on a glass plate.
Similarly, to the 1 wt % solution of polymer in chloroform PCBM (1:1 wt% with respect
to polymer) was added and spin casted (600 rpm) onto a glass plate. These films were
annealed at 100°C for 30 minutes, UV-Vis and Fluorescence spectra were recorded
before and after annealing. Fluorescence spectra were measured on PTA flourimeter for
thin films & on JASCO FP-6500 spectrofluorometer for solutions studies. Cyclic
Voltammetry studies were done using BAS CV- 50 W instrument. Stock solutions of
polymer (1wt% polymer in chloroform) were prepared & films are spin casted on the
platinum

working

electrode

CV

was

recorded

with

tetrabutylammonium

hexfluorophosphate as a supporting electrolyte (0.1M) in acetonitrile. The redox
potentials were determined versus an Ag/Ag+ reference electrode.The working and
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auxiliary electrodes were cleaned after each run. HOMO and LUMO values were
calculated using Fc/Fc+ as a reference.
•

Monomer Syntheses

3-iodothiophene (1). A Schlenk tube was charged with CuI (0.70 g, 3.68 mmol) and NaI
(22.0 g, 147.2 mmol) under argon atmosphere. Xylene (57.6 mL) and diglyme (14.4 mL)
were added followed by the addition of the ligand N, N-dimethylethylenediamine(0.79
g,7.36 mmol). Finally, 3-bromothiophene (12 g, 73.6 mmol) was added under nitrogen.
The Schlenk tube was sealed with a Teflon valve and the reaction mixture was stirred at
110° C for 22-24 h. The resulting suspension was allowed to reach room temperature.
The solvents xylene & diglyme were removed under reduced pressure & the resulting
mixture was extracted with hexanes (2x75 mL). The combined organics were washed
with water (1x75mL), saturated NaCl solution (1x75 mL) and were dried over Na2SO4,
concentrated, and the residue was purified by silica gel chromatography (hexanes) to
provide (1) as a yellow liquid. (12.3g, 80%).1H NMR (400 MHz, CDCl3) δ 7.41 (dd, J =
4.8, 3.0, 1H), 7.21-7.19 (m, 1H), 7.11-7.09 (dd, J= 4.8, 1H). 13C NMR (100 MHz, CDCl3)
δ 134.74, 128.65, 127.34.
2,5-Dibromo-3-iodothiophene

(2).

In

the

absence

of

external

light,

N-

Bromosucciniamide (NBS) (11.9 g, 66.6 mmol) was added to a round bottom flask
equipped with stirrer and covered with an aluminum foil, in one portion, to a solution of
(1) (7 g, 33.3 mmol) in DMF (200 mL).After stirring at room temperature for 1 h, the
reaction mixture was heated and maintained to 60°C for 5 h and then quenched with
water (200 mL). The reaction mixture was extracted with hexane (2x75mL) and layers
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were separated. The organic layer was washed with water (2x75mL), saturated NaCl
solution (1x75 mL) and dried over Na2SO4, filtered, and concentrated under reduced
pressure. Purification of the residue by silica gel chromatography (hexanes) afforded (2)
(9.8 g, 80%) as pale yellow liquid. 1H NMR (400 MHz, CDCl3) δ 6.92 (s, 1H). 13C NMR
(100 MHz, CDCl3) δ 137.08, 116.31, 113.46, 85.21.
(2, 5-Dibromo-thiopen-3-ylethnyl)-trimethyl-silane (3). A Schlenk tube was charged
with CuI (0.052 g, 0.27 mmol) and Pd (PPh3)2Cl2 (0.39 g, 0.55 mmol) under argon
atmosphere. Triethylamine (TEA) (60 mL) was added to it and degassed. The reaction
mixture brought to 0° C, followed by the addition of (2) (4.0 g, 13.9 mmol) and
trimethylsilylacetylene (1.5 g, 15.2 mmol) and stirred for further 6 h maintaining the
temperature at 0°C. The solvent TEA was removed under reduced pressure and the
resulting mixture was extracted with hexanes (2x50 mL). The organic layer was washed
with water (1x75 mL), saturated NaCl solution (1x50 mL) and was dried over Na2SO4,
concentrated, and the residue was purified by silica gel chromatography (hexanes) to
provide (3) (2.57 g, 70%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 6.93 (s, 1H),
0.25 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 132.15, 125.25, 116.84, 110.82, 99.69 ,97.00
1-Azido hexane
In a round bottom flask charged with stirrer, DMSO (60 mL), 1-bromohexane (5 g, 3.62
mmol) and sodium azide (3.52g, 5.43 mmol) were added and stirred it overnight. Water
was added to quench the reaction and extracted with ethyl acetate (2x50mL). The layers
were separated and the aqueous layer was extracted again with ethyl acetate (1x25mL).
The combined organics were washed with water (2x50mL), saturated NaCl solution
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(1x50 mL) and dried over Na2SO4, filtered, and concentrated under reduced pressure to
afford the colorless oily liquid as product in (3.15 g, 82%) isolated yield. 1H NMR (400
MHz, CDCl3) δ 3.23 (t, J = 7.0, 2H), 1.60-1.53 (m, 2H), 1.36-1.29 (m, 6H),0.89 (t, J =
7.0, 2H)
4-(2, 5-Dibromo-thiophen-3-yl)-1-hexyl-1H-[1, 2, 3]triazole (M1)
To an oven dried round bottom flask, was added CuI (0.472 g, 2.48 mmol) and THF (50
mL). To this stirred solution, N,N-Diisopropylethylamine (3.845 g, 29.81 mmol) and
water (10 mL) was added followed by the addition of monomer (2,5-Dibromo-thiopen-3ylethnyl)-trimethyl-silane (3) (1.68 g, 4.96 mmol) and 1-azido hexane (0.947 g, 7.45
mmol). The reaction was stirred for 15 h under reflux conditions. The reaction was
quenched with water and extracted with ethyl acetate (2x50mL). The organics were
washed with water (2x50 mL), saturated NaCl solution (1x50 mL)dried over Na2SO4,
filtered, and concentrated under reduced pressure. Purification of the residue by silica gel
chromatography (20:80 EtOAc: hexanes) afforded (M1) as white solid in (1.37 g, 70%)
isolated yield. 1H NMR (400 MHz, CDCl3) δ 8.13 (s, 1H), 7.64 (s, 1H), 4.42 (t, J = 7.0,
2H), 1.98-1.91 (m, 2H), 1.37-1.29 (m, 6H), 0.90 (t, J= 7.0, 3H). 13C NMR ( 100 MHz,
CDCl3) δ 141.03, 132.61, 131.35, 120.65, 112.52, 107.02, 50.58, 31.14, 29.72, 26.15,
22.43, 13.96. MS (FAB+) m/z 393.9 [M+H] +
2-Bromo-3-iodo-thiophene (4)
In the absence of external light, N- Bromosucciniamide (NBS) (7.8 g, 49.22 mmol) was
added to a round bottom flask which was charged with stirrer and covered with an
aluminum foil, in one portion, to a solution of (1) (8.1 g, 44.74 mmol) in DMF (200
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mL).After stirring at room temperature for 12 h, the reaction was quenched with water
(200 mL) and extracted with hexanes (2x75 mL). The combined organics were washed
with water (2x75 mL), saturated NaCl solution (1x75 mL), dried over Na2SO4, filtered,
and concentrated under reduced pressure. Purification of the residue by silica gel
chromatography (hexanes) afforded (4) (8.35 g, 75%) as pale yellow liquid. 1H NMR
(400 MHz, CDCl3) δ 7.22-7.24 (d, J= 5.6, 1H), 6.95-6.96 (d, J= 5.6, 1H).
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C NMR (75

MHz, CDCl3) δ 137.08, 116.31, 113.46, 85.21.
(2-Bromo-thiophen-3-ylethynyl)-trimethyl-silane (5)
A Schlenk tube was charged with CuI (0.105 g, 0.55 mmol) and Pd(PPh3)2Cl2 (0.77 g,1.1
mmol) under argon. Triethylamine (TEA) (110 mL) was added to it and degassed. The
reaction mixture brought to 0oC, followed by the addition of (4) (8.0 g, 27.68 mmol) and
trimethylsilylacetylene (2.99 g, 30.45 mmol) and stirred for further 6 h maintaining the
temperature at 0° C. The reaction mixture was brought to room temperature and further
stirred for 12 h. The solvent TEA was removed under reduced pressure and the resulting
mixture was extracted with hexanes (2x50 mL). The combined organics were washed
with water (1x75 mL), saturated NaCl solution (1x50 mL) and were dried over Na2SO4,
concentrated, and the residue was purified by silica gel chromatography (hexanes) to
provide (5) (5.02 g, 70%) as a yellow liquid. . 1H NMR (400 MHz, CDCl3) δ 7.15-7.16
(d, J=6.0, 1H), 6.94-6.96 (d, J= 5.6, 1H) 13C NMR (100 MHz, CDCl3) δ 129.93, 125.61,
124.56, 117.83, 98.83, 98.07.
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4-(2-Bromo-thiophen-3-yl)-1-hexyl-1H-[1,2,3] triazole (6)
To an oven dried round bottom flask, was added CuSO4.5H2O(462.15 mg, 1.85 mmol)
and sodium ascorbate (1.83 g, 9.25 mmol) followed by the addition of tetra-n-butyl
ammonium fluoride (TBAF) (37 mL) and tetrahydrofuran (THF) (150 mL). To this
stirred solution, water (50 mL) was added followed by the addition of 1-azido hexane
(4.7 g, 37.03 mmol) and (2,5-Dibromo-thiopen-3-ylethnyl)-trimethyl-silane (5) (4.8
g,18.51 mmol). The reaction was stirred for 16 h. The reaction was quenched with water
and extracted with ethyl acetate (2x50 mL). The combined organics were washed with
water (2x50 mL), saturated NaCl solution (1x50 mL), dried over Na2SO4, filtered, and
concentrated under reduced pressure. Purification of the residue by silica gel
chromatography (20:80 EtOAc: hexanes) afforded (6) as colorless oil (4.07 g, 70%). 1H
NMR (400 MHz, CDCl3) δ 8.18 (s, 1H), 7.63-7.65 (d, J=5.6, 1H), 7.31-7.32(d, J=5.6,
1H),4.39-4.42 (t, J= 7.0, 2H), 1.98-1.91 (m, 2H), 1.37-1.29 (m, 6H), 0.87-0.90(t, J= 7.0,
3H). 13C NMR (100 MHz, CDCl3) δ 141.9, 131.8, 127. 92, 126.36, 120. 60, 108.2, 50.50,
31.15, 30.32, 26.15, 22.44, 13.97.
4-(2-Bromo-5-iodo-thiophen-3-yl)-1-hexyl-1H-[1, 2, 3]triazole (M2)
Compound (6) (1.6 g, 5.091 mmol) was dissolved in dichloromethane in a Schlenk flask.
To this solution, trifluoromethanesulfonic acid (3.82 g, 25.45 mmol) was added and the
solution is cooled to 0°C using an ice bath. N-iodo succinamide (1.15 g, 5.091 mmol)
was added in small portions and the reaction mixture and stirred for 2 h at room
temperature. The reaction mixture was quenched with ice-water and extracted with
CH2Cl2 (3x25 mL). The combined organic extracts were washed with aqueous 10 %
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sodium bisulfate solution and water (2x25 mL), saturated NaCl solution (1x25 mL) and
dried over magnesium sulfate and evaporated under reduced pressure. The residue was
purified by silica gel chromatography (15:85 EtOAc: hexanes) to provide (M2) as a white
powder. 1H NMR (400 MHz, CDCl3) δ 8.15 (s, 1H), 7.85 (s, 1H), 4.42 (t, J =7.0, 2H),
1.98-1.91 (m, 2H), 1.37-1.29 (m,6H),0.90(t,J=7.0,3H).
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C NMR (100MHz, CDCl3) δ

140.84, 137.63, 133.85, 120.61, 110.84, 72.68, 50.70, 31.27, 30.42, 26.28, 22.56, 14.09.
4-([2,2':5',2''-terthiophen]-3'-yl)-1-hexyl-1H-1,2,3-triazole (7)
To an oven dried Schlenk, compound (6) (100 mg, 0.254 mmol) was added followed by
the addition of Pd (PPh3)4 (29.35 mg, 0.025 mmol) in glove box. Dry THF (7.5 mL, 0.034
M) was deoxygenated for 2 h and added to the Schlenk. Aqueous K2CO3 (1 mL, 0.25 M)
was added and the reaction mixture was stirred for 15 minutes. To this, 2-thiophene boric
acid (127.6 mg, 0.997 mmol) was added and further stirred for 36 h at 60 °C. After
stirring for 36 h, water was added to the mixture and then extracted with ethyl acetate
(2x25 mL). The combined organics were washed with water (2x25mL), saturated NaCl
solution (1x25 mL), dried over Na2SO4, filtered, and concentrated under reduced
pressure. Purification of the residue by silica gel chromatography (30:70 EtOAc:
hexanes) afforded the product (7) (70%). 1H NMR (400MHz, CD3COCD3) δ 7.83 (s,
1H), 7.59 (s, 1H), 7.54- 7.55 (dd, J= 5.2, 1H), 7.47- 7.49 (dd, J= 5.2, 1H), 7.36 ( dd, J=
3.6, 1H), 7.35 (dd, J=3.6, 1H), 7.10 (dd, J= 5.2, 2H), 4.39 (t, J= 7.0, 2H), 1.85- 1.91(m,
2H), 1.28- 1.30 (m, 6H), 0.88 (t, J= 7.0, 3H).
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C NMR (100 MHz, CD3COCD3) δ

142.46, 137.21, 137.08, 135.22, 131.28, 130.84, 129.19, 129.09, 128.69, 128.15, 126.41,
125.34, 123.0, 50.71, 31.96, 31.08, 23.23, 14.33
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•

Polymer Synthesis

M2 (150 mg, 0.340 mmol) was dissolved in dry THF into the Schlenk flask covered with
aluminum foil under argon atmosphere. The Schlenk was cooled to 0° C using an ice
bath. The reagent t-butylmagnesium chloride (0.22 mL, 0.374 mmol) (1.7 M in THF) was
added to the solution with a syringe and the mixture was allowed to stir for 2 h.
Ni(dppp)Cl2 (1.37 mg, 0.0025 mmol) was added under argon atmosphere. The reaction
mixture was taken out from the ice bath and allowed to run for 18 h at room temprature
and then quenched using allyl magnesium chloride (0.02 mL, 0.034 mmol). The reaction
mixture was precipitated in ice-cold methanol. The polymer was transferred to an
extraction thimble and fractionated via Soxhlet extraction with MeOH, CHCl3. The
CHCl3 fraction, after concentration under reduced pressure, afforded 52 mg of the
polymer. The material isolated from the hexanes fraction was analyzed by GPC. 1H NMR
(400 MHz, CDCl3) δ 7.66 (s, 1H), 7.64 (s, 1H), 4.36-4.40 (t, J =7.0, 2H), 1.87-1.95 (m,
2H), 1.22-1.34 (m, 6H), 0.81-0.83(t, J=7.0, 3H). Mn= 24.7k, PDI= 1.48
•

Attempted Synthesis of Monomers

M1 (300 mg, 0.763 mmol) was dissolved in dry THF into the Schlenk flask under argon
atmosphere. The reagent t-butylmagnesium chloride (0.49 mL, 0.839 mmol) (1.7 M in
THF) was added to the solution with a syringe and the mixture was allowed to stir for 3
h. After 3 h, Ni(dppp)Cl2 (4.18 mg, 0.0076 mmol) was added under argon atmosphere.
The reaction mixture was allowed to run for 24 h at room temprature and then quenched
using allylmagnesium chloride (0.044 mL, 0.076 mmol). The reaction mixture was added
to ice-cold methanol, but no precipitate was observed.
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M1 (300 mg, 0.763 mmol) was dissolved in dry THF into the Schlenk flask under argon
atmosphere. The reagent t-butylmagnesium chloride (0.49 mL, 0.839 mmol) (1.7 M in
THF) was added to the solution with a syringe and the mixture was allowed to stir for 3
h. After 3 h, Ni(dppp)Cl2 (4.18 mg, 0.0076 mmol) was added under argon atmosphere.
The reaction mixture was allowed to run for 24 h at 60 °C. After 24 h, the reaction
mixture was brought to room temperature and then quenched using allylmagnesium
chloride (0.044 mL, 0.076 mmol). The reaction mixture was added to ice-cold methanol,
but no precipitate was observed
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CHAPTER 3
SYNTHESIS OF NEW CONJUGATED ACCEPTOR MONOMERS AND
POLYMERS BASED ON BENZTHIADIAZOLE
3.1 Introduction
Organic solar cells with bulk heterojunction offer a promising approach to solar
energy problem at lower cost compared to inorganic solar cells.1-4 The most efficient bulk
heterojunction organic solar cells use a conjugated polymer as the donor which is p-type
material5-7 and fullrene derivative of C60 or C70 as an acceptor n-type material.8,9 Most
commonly used fullrene derivatives are [60]PCBM and [70]PCBM. These derivatives
have good electron mobility10 due to their semicrystalline nature11 and offer solubility in
a range of organic solvents for easy processing. But the main disadvantage is that their
absorption of solar light is not very good, especially for C60 derivatives. So, one of the
challenges in the field of organic photovoltaics is developing alternatives to the family of
fullerene derivatives that are commonly used as acceptor material but that generally lack
strong optical absorption coefficient.
Apart from fullrenes, small-molecules12 such as perylene diimide derivatives, 13,14
polymers have attracted attention as acceptor materials. These acceptors offer advantages
with respect to contributing more strongly to the absorption of visible or near-IR light.
But the progress in this type of polymer:polymer solar cells are not comparable to
polymer : fullrene cells in terms of efficiency.15
Another approach to design the acceptor polymers for solar cells was introduction
of cyano groups to induce acceptor type behavior. The resulting solar cells made up of
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this acceptor have resulted in a power conversion efficiency upto 1.7%. 16-19 In a another
strategy, perylene diimides has been incorporated in the main chain
group

24

20-23
23

or as a pendant

to make an acceptor polymer, but the resulting performance of a solar cells

giving efficiency upto 1.5%.Also electron deficient, nitrogen heterocycles have been
proposed to be used an acceptor materials for solar cells, for example,
poly(pyridopyrazine vinylene)
nylene)25 or poly(quinoxaline vinylene).26 Jenekhe and co-workers
co
have poly(benzindazolebenzophenanthroline)

27,28

ladder polymers in bilayer cells as an

acceptor materials. The most successful acceptor polymers for solar cells are alternating
fluorenedithienylbenzothiadiazole
ienylbenzothiadiazole (F8TBT) copolymers with an efficiency up to
1.8%.29,30. To design a successful acceptor polymer, it should have highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels that
are correctly positioned
ned with respect to the donor material used.

Figure 3.1 Energy levels for Donor and Acceptor materials. Dotted lines indicate
tunable energy levels for acceptor
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Here is the schematic representation for HOMO and LUMO energy levels for
donor and acceptor material. (Figure 3.1) In the first diagram, the conventional donoracceptor energy level diagram is shown. The most commonly used acceptor is
Methanofullrene [6,6]-phenyl C61-butyric acid methyl ester (PC61BM). PC61BM is bulky
in nature and segregates out while annealing P3HT-PC61BM blend due to mismatch in
packing of these two materials. Also, the energy levels of PC61BM cannot be tuned,
restricting use of many donor organic materials in solar cells. So it is important to
develop new acceptor polymer which will have tunable energy levels which can facilitate
use of different donors in conjunction with it. This is shown schematically in Fig. where
acceptor energy levels are shown in dotted line indication that it can be tuned. Overall, it
is essential to develop new π-conjugated acceptor polymers that have absorption
spectrum with better overlap with solar emission spectrum and have good electron
transport with tunable energy levels.
One of the ways to increase absorption of photons in visible region is to use two
donor materials which will give good absorption in visible range. It leads to fabricating
tandem solar cells wherein an additional hole conductor is used with in conjunction of
donor and acceptor materials to broaden the absorption spectrum, thus in turn increasing
efficiency of solar cell. It has been shown that, it can improve the efficiency of a solar
cell but it is very difficult to obtain active layer morphology of both hole conductors with
an acceptor molecule respectively. These are the reasons why, it is important to develop
new π-conjugated acceptor polymers which can have broad absorption spectra, good
electron mobility and tunable energy levels.
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In this chapter, we have designed a strategy to synthesize a monomer for an
acceptor polymer based on benzthiadiazole with the following aims:
1. Broad Absorption in Visible region
2. Tunable HOMO, LUMO levels
3. Good electron mobility
We have chosen to synthesize a polymer based on benzthiadiazole because it has
been shown that when benzthiadiazole unit is used in different copolymers, it can give
better absorption in visible region. So, it is of our interest to synthesize newly conjugated
homopolymers and copolymers based on only benzthiadiazole as a repeating unit. There
has been only one report regarding synthesis of homopolymer based on benzthiadiazole
and also it was not fully characterized for solar cells application. One of the reason for
this could be the homopolymer is very difficult to solubilize in common organic solvent
restricting its use to form thin films. The other reason may be due lack of knowledge of
synthesizing electron deficient polymers. Herewith, we came up with a strategy to
synthesize the monomers and polymers, where we have incorporated different alkyl side
chains which can solubilize the polymer in organic solvents. The monomers have
designed in such a way that it will be soluble in common organic solvents and we have
employed Suzuki polymerization conditions to obtain homopolymer and alternating
polymer from these monomers.
3.2 Molecular Design and Synthesis
We have synthesized two monomers with different alkyl side chains (C14 and C8). We
synthesized the monomer for homopolymer and alternation copolymer from readily
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available catechol which was converted to Compound 1 by Williamson synthesis. This is
followed by nitration of Compound 1 by using HNO3 and CH3COOH to give di-nitro
derivative Compound 2. The nitro groups are reduced to give Compound 3 using SnCl2
and HCl, followed by thiadiazole ring formation using thionyl chloride (SOCl2) and
triethylamine.(Compound 4). The Monomer M1 is synthesized from Compound 4 by
electrophilic substitution reaction using bromine and acetic acid.(Figure 3.2)
O2N

HO

OH

K2CO3, DMF
48 hr, 100 oC,
80%

NO2

HNO3

C14H29Br
C14H29O

OC14H29

CH3COOH, DCM
48 hr, RT,
80%

C14H29O

OC14H29
2

1

Figure 3.2 Synthesis Scheme for Monomer 1(M1) used for making PBTD
& PBTDV polymers
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It is confirmed from 1H and

13

C NMR that Monomer 1 is pure and further used for

polymerization. The Suzuki polymerization is carried out using Pd (tBu3P)2 catalyst and
LiOH as a base in mixture of solvents (n-butyl ether, tetrahydrofuran and ortho
dichlorobenzene) to yield PBTD 1. The synthetic scheme for this polymer is shown
below in Figure 3.3.
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S

N
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S
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C14H29O

OC14H29
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Figure 3.3 Synthesis of Polymer PBTD 1 from M1
The polymerization is carried out for 7 days. The molecular weight of polymer is
found by GPC (Mn = 66.7 KDa, n=96). We are also interested to see whether we can
tune energy levels of polymer by changing side chains on polymeric unit. It is well
known from DV group research that the side chains can affect optical and electronic
properties of polymers. So, we have designed another monomer with C8 alkyl chain
length and synthesized the monomer as shown in the scheme below.(Figure 3.4)
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N

Figure 3.4 Synthesis Scheme for Compound 5-8
The overall synthesis is similar to Monomer 1. Catechol was converted to Compound
5 by Williamson synthesis using octyl bromide. This is followed by electrophilic
substitution reaction using HNO3 and CH3COOH to give di-nitro product (Compound 6).
The nitro groups are reduced to yield Compound 7 using SnCl2 and HCl, followed by
thiadiazole ring formation using thionyl chloride (SOCl2) and triethylamine. (Compound
8).It has been observed that during the synthesis of polymers from Monomer 1 that
synthesis of electron deficient polymers is very prolong process which takes 7 days to
form a polymer. It is well known that Suzuki polymerization of iodo compounds goes
faster than that of bromo analogues. Hence, we have decided to incorporate iodide
instead of bromide expecting that the polymerization will go faster as compared to the
previous one. So, we did iodination of compound 7 using following protocol.(Figure 3.5)
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C8H17O

OC8H17
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80%
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8

Figure 3.5 Iodination of Compound 8
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The Suzuki polymerization is carried out of Monomer M2 using Pd (tBu3P)2 catalyst and
LiOH as a base in mixture of solvents (n-butyl ether, tetrahydrofuran and ortho
dichlorobenzene) to yield PBTD 2.(Figure 3.6)

Figure 3.6 Synthesis of Polymer PBTD 2 from M2
3.3 Characterization of Monomers
All the compounds were characterized by using 1H NMR. NMRs for monomers
are shown below. The NMR for Monomer 1 (Figure 3.8) indicates pure compound
indicating 54 protons in alkyl region (0.86-1.92 ppm). The peak at 4.14-4.18 ppm
indicates 4 protons next to oxygen in alkyl chains and deshielded. The NMR for
Monomer 2 (Figure 3.9) indicates pure compound indicating 30 protons in alkyl region
(0.87-1.94 ppm). The peak at 4.11-4.14 ppm indicates 4 protons next to oxygen in alkyl
chains because of deshielding effect.
3.4 UV-vis Studies and Cyclic Voltametry
The absorption spectra of PBTD 1 and PBTD 2 are recorded by casting a thin film
of these polymers from chloroform solution. The UV spectra does not show any
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significant absorption in visible range (only 280-400 nm) before and after thermal
annealing at 100 oC for 30 min, indicating that these homopolymers may not be a good
choice as an acceptor polymers which can absorb in visible region. PBTD 1 and PBTD 2
have similar absorption spectra indicating that side chain has very little effect on optical
properties of these polymers.
Cyclic voltametry is carried out to investigate the effect of side chains on energy
levels of the homopolymers. It has been observed that the different side chains of the
polymer affects the oxidation and reduction potentials in cyclic voltametry resulting into
different HOMO and LUMO energy levels for these homopolymers. Following table
provides the information for HOMO and LUMO energy levels for PBTD 1 and PBTD 2
along with method of polymerization and molecular weights of polymers.
Polymer

Method of

Mn(KDa)

Polymerization

PBTD 1

Energy Levels measured
by CV (eV)

Suzuki

HOMO

LUMO

66.7

-5.64

-2.93

15.2

-5.71

-3.03

Polymerization
PBTD 2

Suzuki
Polymerization

Table 3.1 Molecular weight and Energy levels for Polymer PBTD 1 and PBTD 2
The above values indicate that HOMO and LUMO levels of the polymers can be
tuned by changing the side chains of the polymer. In this case, it has been observed that
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HOMO and LUMO values for PBTD 2 are lower than PBTD 1. This explores an
opportunity of use of different donor molecules in conjunction with these acceptor
polymers. So it is important to design a polymer with good optical properties which can
in turn give efficient solar cell.
We believe that one of the reason low absorption in Homopolymers could be side
chain interactions between adjacent repeating units of Homopolymers. Therefore, we
have decided to synthesize a conjugated polymer with conjugated spacer in between the
repeating units, so that the side chain might not interfere with each other and it may
enhance the optical properties of the polymer. To incorporate a conjugated spacer
between repeating unit of a polymer, we synthesized alternating copolymers of Monomer
1 and Monomer 2 using Stille polymerization. The synthesis protocol for polymerization
is shown below in Figure 3.7.

Figure 3.7 Synthesis of Polymer PBTDV 1 and PBTDV 2

50

PBTDV 1 is synthesized using Pd(PPh3)4 as a catalyst and toluene as a solvent and
heated to 90oC for 5 days. The resulting copolymer has molecular weight of 10.7 KDa.
PBTDV 2 is synthesized using Pd (PPh3)4 as a catalyst and NMP and ODCB as solvents
and heated to 140 oC for 5 days which has resulted into molecular weight of 9.1 KDa. The
polymerization procedures are explained in detail in the experimental section.
3.5 Characterization of Alternating Copolymers
3.5.1 UV-Vis Absorption Studies and Cyclic voltametry
The absorption spectra of PBTDV 1 and PBTDV 2 are recorded by casting a thin
film of these polymers from chloroform solution. The UV-vis spectra show broad
absorption spectra indicating that the conjugated spacer has an important role in
designing the polymer to get good optical properties. These polymers can absorb from
280-740nm in visible region. Both PBTDV 1 and PBTDV 2 have similar absorption
indicating that different side chain has no effect on optical properties of these polymers.
Polymer

Method of

Mn(KDa)

Polymerization

PBTDV 1

Energy Levels measured
by CV in (eV)

Stille

HOMO

LUMO

10.7

-5.45

-3.77

9.1

-5.24

-3.54

Polymerization
PBTDV 2

Stille
Polymerization

Table 3.2 Molecular weight and Energy levels for Polymer PBTDV 1 and PBTDV 2
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Cyclic voltametry studies have shown that there are different HOMO and LUMO
energy levels for these Alternating Copolymers depending on the side chains. Following
table provides the information for HOMO and LUMO energy levels for PBTDV 1 and
PBTDV 2.
3.5.2 Mobility Studies
Time of flight mobility studies are under investigation for all the polymers. We
measured time of flight mobility for PBTDV 1 and it has been observed that the mobility
of this polymer is 10^-3 cm2/Vs which is comparable to PCBM in thin films. This
indicates that these polymers have comparable electron mobilities as PCBM and
potentially be used to efficient solar cells. The mobility studies for other Homopolymers
and Copolymers are under investigation.
3.6 Future work and directions
P3HT/PCBM bulk heterojunction morphological properties are extensively studied
to device a solar cells. We have synthesized a new acceptor polymer which has tunable
energy levels and broad absorption in visible region. So, the next challenge is to study the
morphology of these polymers with different donor and optimization of morphology to
give higher efficient solar cells. One of the main ongoing researches in DV research
group is to synthesize conjugated nanoparticles and assemble it into different
morphologies to get higher efficient solar cells. One can synthesize these acceptor
nanoparticles and assemble with P3HT nanoparticles to assemble these materials into
different morphologies by using sphere packing. The other way is most common way of
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mixing these acceptor polymers in conjuction with different donor polymers to optimize
the morphology to get a bulk heterojunction.
3.7 Experimental Details
All chemicals were purchased from commercial sources (Acros, Aldrich, Alfa Aesar,
TCI, and Strem) and used without further purification, unless otherwise noted. THF was
distilled from sodium-benzophenone ketyl. NBS was recrystallized from water. Common
solvents were purchased from EMD (through VWR). Routine monitoring of reactions
was carried out on glass-supported EMD silica gel 60 F254 TLC plates. Flash
chromatography was performed using silica gel from Sorbent Technologies (Standard
Grade, 60 Å, 32-63 µm). All 1H and

13

C {1H} NMR spectra were recorded on a Bruker

Avance400 spectrometer, unless otherwise noted. Chemical shifts and coupling constants
(J) are reported in parts per million (δ) and Hertz, respectively. Deuterated solvents were
obtained from Cambridge Isotope Laboratories, Inc. Chloroform-D (CDCl3) contained
0.05% v/v tetramethylsilane (TMS) and Chloroform-D peak was set to 7.26 ppm on all
proton spectra.
In Gel permeation chromatography (GPC) was done in the NSF-sponsored Materials
Research Science and Engineering Center on Polymers (MRSEC) at the University of
Massachusetts Amherst. GPC analyses were performed on a Polymer Laboratories
GPC50 integrated system with DMF (1.0 mL/min, 120 °C) elution, 3 x Mixed C (300 x
7.5 mm) columns, and RI detection. Molecular weights were obtained based on PMMA
standards, with toluene as the flow rate marker, and may be overestimated by a factor of
1.5-2.0.
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UV-vis absorption spectra were measured with a Shimadzu UV 3600PC
spectrometer Polymer-Based Materials Harvesting Solar Energy (Energy Frontier
Research Center at the University of Massachusetts Amherst)EFRC laboratory. Stock
solutions of polymers (c=1mg/10mL) were prepared in spectrophotometric grade
chloroform (Fisher, Optima). UV–vis experiments for thin films were done by spin
casting (1400 rpm) of 1 wt % solution of polymer in chloroform on a glass plate.
Similarly, to the 1 wt % solution of polymer in chloroform PCBM (1:1 wt% with respect
to polymer) was added and spin casted (600 rpm) onto a glass plate. These films were
annealed at 100°C for 30 minutes, UV-Vis and Fluorescence spectra were recorded
before and after annealing. Fluorescence spectra were measured on PTA flourimeter for
thin films & on JASCO FP-6500 spectrofluorometer for solutions studies. Cyclic
Voltammetry studies were done using BAS CV- 50 W instrument. Stock solutions of
polymer (1wt% polymer in chloroform) were prepared & films are spin casted on the
platinum

working

electrode

CV

was

recorded

hexfluorophosphate as a supporting electrolyte (0.1M)

with

tetrabutylammonium

in acetonitrile. The redox

potentials were determined versus an Ag/Ag+ reference electrode.The working and
auxiliary electrodes were cleaned after each run. HOMO and LUMO values were
calculated using Fc/Fc+ as a reference.
1,2-bis(tetradecyloxy)benzene (1). To a solution of catechol (5 g, 0.045 mol) in dry
DMF (25mL) was added 1-bromotetradecane (0.104 mol, 31mL) and K2CO3 (18.82 g,
0.135 mol). The mixture was stirred at 100°C under a nitrogen atmosphere for 40 hours.
After cooling the mixture to room temperature (RT), 50mL of water were added. The
organic layer was separated and the aqueous layer was extracted with DCM. The
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combined organic phase was dried over MgSO4. After filtration, the mixture was
concentrated under vacuum. The product was recrystallized twice from acetone. Yield:
17.5 g (85%), white needlelike crystals.1H NMR (CDCl3): δ = 6.91 (s, 4H), 3.99-4.03 (t,
J = 6.6 Hz, 4H), 1.88 – 1.81 (m, 4H), 1.52 – 1.15 (m, 44H), 0.94-0.90 (t, J = 6.6 Hz, 6H).
13

C NMR (CDCl3): δ = 149.30, 121.30, 114.13, 69.28, 32.01,31.84, 29.79, 29.75, 29.72,

29.53, 29.45, 26.14, 22.76, 14.16.
1,2-dinitro-4,5-bis(tetradecyloxy)benzene (2). To a two neck round-bottom flask
containing

dichloromethane

(100mL),

acetic

acid

(100mL),

and

1,2-

bisdodecyloxybenzene (5 g, 9.95 mmol) cooled to 10°C was added dropwise 69% nitric
acid (150mL). The mixture was allowed to warm to room temperature and the mixture
was stirred for 40 hours. After completion of the reaction, the reaction mixture was
poured into ice-water and the dichloromethane layer separated. The water phase was
extracted with dichloromethane. The combined organic phase was washed with water,
sat. NaHCO3 (aq), brine and dried over MgSO4. Concentration in vacuum gave the crude
product that was recrystallized from ethanol. Yield: 10.57 g (90%), yellow solid. 1H
NMR (CDCl3): δ = 7.29 (s, 2H), 4.10 (t, J = 6.5 Hz, 4H), 1.90 – 1.83 (m, 4H), 1.51 – 1.26
(m, 44H), 0.88 (t, J = 6.6 Hz, 6H). 13C NMR (CDCl3): δ = 151.81, 136.43, 107.89, 70.22,
31.93, 29.73, 29.60, 29.55, 29.40, 29.26, 28.72, 28.53, 22.71, 14.11.
4,5-bis(tetradecyloxy)benzene-1,2-diaminium chloride (3). A mixture of 1,2-dinitro4,5-bis-(tetradecyloxy)-benzene (2g, 3.37mmol) and Sn(II)Cl2 (26.9mmol, 5.1g) in
ethanol (50mL) and conc. HCl (20mL) was heated to 85 oC over the night. After cooling
to room temperature the product was filtered and washed with water and methanol.
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Finally it was dried at RT under a stream of argon and used directly (unstable). Yield: 1.5
g (73%), off-white solid.
5,6-bis(tetradecyloxy)benzo[c][1,2,5]thiadiazole

(4).

To

a

mixture

of

4,5-

bis(tetradecyloxy)-benzene-1,2-diaminium chloride (1.54g, 2.54mmol) and triethylamine
(25.1mmol, 3.5mL) in 40mL dichloromethane was slowly added a solution of thionyl
chloride (4.83 mmol, 0.352mL) in 5mL dichloromethane. After addition the mixture was
heated to reflux for 6 hours. The cooled solution was concentrated in vacuum followed
by trituration in water. After stirring for 30 min the product was filtered and
recrystallized from ethanol. Yield: 0.77 g (65 %), off-white solid. 1H NMR (CDCl3): δ =
7.12 (s, 2H), 4.08 (t, J = 6.5 Hz, 4H), 1.95 – 1.85 (m, 4H), 1.51 – 1.25 (m, 44H), 0.89 –
0.85 (m, 6H). 13C NMR (CDCl3): δ = 154.17, 151.40, 98.44, 69.13, 31.92, 29.71, 29.69,
29.66, 29.61, 29.36, 28.75, 26.02, 22.68, 14.09.
4,7-dibromo-5,6-bis(tetradecyloxy)benzo[c][1,2,5]thiadiazole (M1). To a solution of 3
(1.07 g, 1.90 mmol) in a mixture of dichloromethane (50 mL) and acetic acid (22mL) was
added bromine (0.70 mL, 13.35 mmol), and the resulting mixture was stirred in the dark
for 48 h at room temperature. The mixture was then poured in water (75mL), extracted
with dichloromethane, sequentially washed with water, saturated NaHCO3 (aq), 1M
Na2SO3 (aq) and the solvents are evaporated under reduced pressure. The crude product
was purified by recrystallization from ethanol twice to give fluffy needle-like
microcrystals. Yield: 0.95 g (75%). 1H NMR (CDCl3): δ = 4.16 (t, J = 6.6 Hz, 4H), 1.92 –
1.85 (m, 4H), 1.62 – 1.46 (m, 4H), 1.46 – 1.19 (m, 40H), 0.88 (t, J = 6.6 Hz, 6H).

13

C

NMR (CDCl3): δ = 154.52, 150.38, 106.27, 75.16, 31.94, 30.28, 29.72, 29.70, 29.69,
29.65, 29.63, 29.45, 29.39, 29.27, 26.00, 22.71, 14.13.
56

1,2-bis-octyloxy-benzene (5). To a solution of catechol (15 g, 0.136 mol) in dry DMF
(75 mL) was added 1-bromooctane (0.34mol, 59.2mL) and K2CO3 (56.5 g, 0.408 mol).
The mixture was stirred at 100 °C under a nitrogen atmosphere for 40 hours. After
cooling the mixture to room temperature (RT), 150 mL of water were added. The organic
layer was separated and the aqueous layer was extracted with DCM. The combined
organic phase was dried over MgSO4. After filtration, the mixture was concentrated
under vacuum. Purification of the residue by silica gel chromatography (10:90 EtOAc:
hexanes) afforded 5 as colorless oil Yield: 35.5 g (78%), colorless liquid.1H NMR
(CDCl3): δ = 6.89 (s, 4H), 3.99 (t, J = 6.6 Hz, 4H), 1.85 – 1.78 (m, 4H), 1.57 – 1.22 (m,
20H), 0.89 (t, J = 6.6 Hz, 6H).

13

C NMR (CDCl3): δ = 149.38, 121.12, 114.23, 69.40,

31.98, 29.55, 29.49, 29.44, 26.20, 22.82, 14.24.
1,2-dinitro-4,5-bis-octyloxy-benzene (6). To a two neck round-bottom flask containing
dichloromethane (420 mL), acetic acid (420mL), and 1,2-bis-octyloxy-benzene(35 g,
0.104 mol) cooled to 10 °C was added dropwise 69% nitric acid (550 mL). The mixture
was allowed to warm to room temperature and the mixture was stirred for 40 hours. After
completion of the reaction, the reaction mixture was poured into ice-water and the
dichloromethane layer separated. The water phase was extracted with dichloromethane.
The combined organic phase was washed with water, sat. NaHCO3 (aq), brine and dried
over MgSO4. Concentration in vacuum gave the crude product that was recrystallized
from ethanol. Yield: 36 g (81%), yellow solid. 1H NMR (CDCl3): δ = 7.29 (s, 2H), 4.09
(t, J = 6.5 Hz, 4H), 1.90 – 1.82 (m, 4H), 1.51 – 1.28 (m, 20H), 0.88 (t, J = 6.6 Hz, 6H).
13

C NMR (CDCl3): δ = 151.93, 136.55, 108.01, 70.31, 31.87, 29.30, 28.81, 25.92, 22.75,

14.18.
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4,5-bis(octoloxy)benzene-1,2-diaminium chloride (7). A mixture of 1,2-dinitro-4,5-bisoctyloxy-benzene (10 g, 0.0235 mol) and Sn(II)Cl2 (0.188 mmol, 42.5 g) in ethanol (350
mL) and conc. HCl (140mL) was heated to 85 oC over the night. After cooling to room
temperature the product was filtered and washed with water and methanol. Finally it was
dried at RT under a stream of argon and used directly (unstable). Yield: 19.95 g (95%),
off-white solid.
5,6-bis-octyloxy-benzo[1,2,5]thiadiazole (8). To a mixture of 4,5-bis(octoloxy)benzene1,2-diaminium chloride (10g, 0.0228 mmol) and triethylamine (0.0228 mmol, 32.1mL) in
380mL dichloromethane was slowly added a solution of thionyl chloride (0.0457 mmol,
3.3mL) in 47mL dichloromethane. After addition the mixture was heated to reflux for 6
hours. The cooled solution was concentrated in vacuum followed by trituration in water.
After stirring for 30 min the product was filtered and reprecipitated from ethanol.
Purification of the residue by silica gel chromatography (10:90 EtOAc: hexanes) afforded
8 as off-white solid. 9.0g (60 %), 1H NMR (CDCl3): δ = 7.13 (s, 2H), 4.09 (t, J = 6.5 Hz,
4H), 1.94 – 1.87 (m, 4H), 1.53 – 1.29 (m, 20H), 0.90 – 0.87 (m, 6H). 13C NMR (CDCl3):
δ = 154.29, 151.54, 98.55, 69.28, 31.95, 29.47, 29.41, 28.88, 26.16, 22.82, 14.25.
4,7-Diiodo-5,6-bis-octyloxy-benzo[1,2,5]thiadiazole (M2). In a round bottom flask, 5,6bis-octyloxy-benzo[1,2,5]thiadiazole (1g, 2.547 mmol), iodine (0.775g, 3.056 mmol), and
PhI(OCOCF3)2 were added along with 60mL dichloromethane. The reaction mixture was
refluxed for 5h. After 5h, sodium thiosulphate solution (100mL) was added to reaction
mixture and stirred further for 1h. Water (100mL) was added to it and extracted with
DCM (4x50mL). The organic layer was washed with NaHCO3 (100mL) and sat.NaCl
(100mL) solution and dried over MgSO4. Purification of the residue by silica gel
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chromatography (40:60 DCM: hexanes) afforded M2 as light yellow solid. Yield:-1.35g
(82%).1H NMR (CDCl3): δ = 4.12 (t, J = 6.5 Hz, 4H), 1.94 – 1.87 (m, 4H), 1.58 – 1.30
(m, 20H), 0.91 – 0.87 (m, 6H).

13

C NMR (CDCl3): δ = 157.24, 151.96, 82.80, 75.10,

31.99, 30.51, 29.59, 29.43, 26.28, 22.82, 14.26.
Polymer PBTD 1
Monomer M1 (250 mg, 0.347 mmol) and catalyst Pd(tBu3P)2 (17.7 mg, 0.0347 mmol)
are taken into the Schlenk flask in the glove box under argon atmosphere. The solvents nbutyl ether (nBu2O) and ortho-dichlorobenzene (ODCB) (4 mL total) and THF (4 mL)
are taken into another Schlenk flask and degassed by freeze pump thaw technique for 3
times. This solution is added to aliquat 336 (12 drops) under argon atmosphere and
deoxygenated the solution by bubbling argon into it for 30 minutes. This solution is
added to Schlenk flask containing Monomer 1 and catalyst under argon atmosphere.
Deoxygenated aq.LiOH (2.6 mL) is subsequently added to Schlenk flask containing all
other reagents and Schlenk flask was immsered in a preheated oil bath of 110oC. The
reaction is carried out for 7 days maintaining temperature of reaction mixture. After 7
days, the reaction mixture was precipitated in ice-cold methanol. The polymer was
transferred to an extraction thimble and fractionated via Soxhlet extraction with MeOH,
EtOAc, ether and CHCl3. The CHCl3 fraction, after concentration under reduced
pressure, afforded 170 mg of the polymer. The material isolated from the hexanes
fraction was analyzed by GPC.
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Polymer PBTD 2
Monomer M2 (404 mg, 0.626 mmol) and catalyst Pd(tBu3P)2 (32.02mg, 0.0626 mmol)
are taken into the Schlenk flask in the glove box under argon atmosphere. The solvents nbutyl ether (nBu2O) and ortho-dichlorobenzene (ODCB) (12 mL total) are taken into
another Schlenk flask and degassed by freeze pump thaw technique for 3 times. 3mL of
this solution is added to aliquat 336 (20 drops) under argon atmosphere and
deoxygenated the solution by bubbling argon into it for 30 minutes. This solution is
added to Schlenk flask containing Monomer 1 and catalyst under argon atmosphere.
Deoxygenated aq.LiOH (3.6 mL) is subsequently added to Schlenk flask containing all
other reagents and Schlenk flask was immsered in a preheated oil bath of 110oC. The
reaction is carried out for 7 days maintaining temperature of reaction mixture. After 7
days, the reaction mixture was precipitated in ice-cold methanol. The polymer was
transferred to an extraction thimble and fractionated via Soxhlet extraction with MeOH,
EtOAc, hexanes and CHCl3. The CHCl3 fraction, after concentration under reduced
pressure, afforded 91 mg of the polymer. The material isolated from the hexanes fraction
was analyzed by GPC.
Polymer PBTDV 1
Monomer M1 (210 mg, 0.0.292 mmol) and catalyst Pd(PPh3)4 (33.7mg, 0.0292 mmol)
are taken into the Schlenk flask in the glove box under argon atmosphere. The toluene
(10 mL) is taken into another Schlenk flask and degassed by freeze pump thaw technique
for 3 times. Approximately 5 mL of Toluene is taken into another flask and ethylene
ditin compound is added to it and deoxygenated the solution by bubbling argon into it for
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30 minutes. This solution is added to Schlenk flask containing Monomer 1 and catalyst
under argon atmosphere along with remaining 5 mL of toluene. The Schlenk flask is
immsered in a preheated oil bath of 90oC. The reaction is carried out for 5 days
maintaining temperature of reaction mixture. After 5 days, the reaction mixture was
precipitated in ice-cold methanol. The polymer was transferred to an extraction thimble
and fractionated via Soxhlet extraction with MeOH, acetone and CHCl3. The CHCl3
fraction, after concentration under reduced pressure, afforded 180 mg of the polymer.
The material isolated from the hexanes fraction was analyzed by GPC.
Polymer PBTDV 2
Monomer M2 (400mg, 0.0.620 mmol) and catalyst Pd(PPh3)4 (71.7 mg, 0.062 mmol) are
taken into the Schlenk flask in the glove box under argon atmosphere. The solvents NMP
and ODCB (1:2) (20 mL total) is taken into another Schlenk flask and degassed by freeze
pump thaw technique for 3 times. Approximately 3 mL of solvent (NMP/ODCB) is
taken into another flask and ethylene ditin compound is added to it and deoxygenated the
solution by bubbling argon into it for 40 minutes. This solution is added to Schlenk flask
containing Monomer 1 and catalyst under argon atmosphere along with remaining
solvent. The Schlenk flask is immsered in a preheated oil bath of 140oC. The reaction is
carried out for 5 days maintaining temperature of reaction mixture. After 5 days, the
reaction mixture was precipitated in ice-cold methanol. The polymer was transferred to
an extraction thimble and fractionated via Soxhlet extraction with MeOH, acetone, ethyl
acetate and CHCl3. The CHCl3 fraction, after concentration under reduced pressure,
afforded 150 mg of the polymer. The material isolated from the hexanes fraction was
analyzed by GPC.
61

N

S

N

Br

Br

C14H29O

OC14H29
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